We report the first observation of stable single photon sources in an electronic and photonic device-friendly material, silicon carbide (SiC). SiC is a viable material for implementing quantum communication, computation and photonic technologies.
INTRODUCTION
Silicon carbide has recently attracted attention in cutting edge research fields such as quantum computing and quantum spintronics, as several of its intrinsic defects carry an electron spin and they can be used as "quantum bits". Due to its growing popularity as a devicefriendly material in electronics [1] and photonics [2, 3] and its high quality large scale production, silicon carbide is a promising solution of enduring obstacles in the implementation of several advanced quantum technologies. SiC has well-established growth and device engineering protocols, and 3 inche ultra-pure material wafers are commercially available. This has led to recent interest in the possibility of using SiC as a platform for various photonic, spintronic and quantum information applications [4] since SiC is a promising material in which to host qubits and scalable quantum processors [5, 6] . Although there are a great variety of systems available today that possess inherent quantum properties, their integration into a functional device with as many degrees of freedom as possible remains a vision. Given the great versatility of SiC, the integration of fully functional and controllable quantum devices with quantum systems, inherent in the material, may be possible. While candidate ensemble optically-active defects having the net angular momentum (or spin) required to act as qubits operating at room temperature have been identified [7, 8] , single photon sources and the ability to engineer them controllably have not yet been demonstrated in SiC.
In this work, we discover another essential functionality of SiC: that it harbours active optical quantum systems. We show the first observation and controllable formation of a bright, stable single photon source operating at room temperature. We identify this single photon emission as an intrinsic deep level defect. The present work provides a quantum optical interface to spin defects in the material, paving the way to merge together several areas of research such as quantum spintronics and quantum photonics, towards the engineering of fully integrated quantum devices.
EXPERIMENT
Single colour centers were created in semi-insulating transparent SiC from CREE. Samples were irradiated with 2 MeV electrons to fluences between 10 13 -10 17 cm −2 while the samples were held below 80
• C in a nitrogen ambient. After irradiation, low temperature anneals were performed. A home-built confocal microscope with a Hanbury-Brown-Twiss interferometer was used to identify optically active single defects and measure the time correlation of the centre emission. The samples were mounted on a piezo XYZ stage allowing 100×100 μm 2 scans. Ensemble measurements were performed at 80 K and the emission was correlated with the so-called AB lines previously observed in SiC [9] .
RESULTS AND DISCUSSION
Confocal maps of a low fluence electron irradiated sample was obtained by exciting at 532 nm or 660 nm. The photoluminescence (PL) of single photon emission lies between 675 to 700 nm, when excited at 660 nm, or with broader emission with peaks from ∼660 nm to ∼705 nm, when excited at 532 nm (example in Fig.2(a) ). However, the PL from single photon emission possesses quite a large variability both at 532 nm and 660 nm excitation. Over 100 single defects were analysed. Remarkably, in the low fluence irradiated sample, photon correlation revealed the presence only of many single defects, i.e. the . PL in (iii) was not observed as single emitter, while it is associated to a vacancy of silicon [7] . (b) Second-order correlation function at different 532 nm excitation powers from the center with PL shown in (a)(i). The curves are shifted vertically for clarity.
second order photon correlation function at zero delay is mostly g (2) (0) < 0.5 ( Fig. 1 (c) ). We studied the photo-physics and the population dynamics from the ground state to the excited state, by analyzing the second-order photon correlation g (2) (τ ) at different excitation optical power. Fig. 2 (b) shows the anti-bunching behaviour of the centre with PL shown in Fig 2 (a)(i) for a range of excitation powers. Due to the presence of a photon-bunching effect (higher correlation at longer delay times), each curve was fit with a threelevel system model, where the second-order correlation function results in two exponentials decay rates. On fitting the three-level system model, we obtain the decay rate terms r 21 , r 31 , r 23 ( Fig.1(b) ). For the center shown in Fig. 2 we obtain 1/r 21 = (1.2 ± 0.1) ns, 1/r 31 = (45 ± 3) ns, 1/r 23 = (7 ± 2) ns. The absorption cross section is σ ≈ 5 × 10 −16 cm 2 . For this particular center the saturation count rate is Φ ∞ = 1.3 × 10 6 counts/s. Using these values the quantum efficiency, η qe ≈ 70% is estimated. Up to Φ ∞ = 2 × 10 6 counts/s has been observed, making this defect in SiC the brightest single photon source observed in bulk material.
We observed a moderate dispersion of the excited state lifetime from 1.2-2.1 ns. The defect responsible for the single emission is associated to the AB emission lines [9] by our ensemble low temperature measurements. A combination of density functional theory (DFT) and group theory analysis allows us to tentatively assign its microscopic origin, charge state and spin of the ground and excited state. Our working model associates the single photon emission to a carbon anti-site vacancy pair C Si V C in its positive charge state, responsible for the visible emission (Fig 1.(a) ). The emission is due to a photo-ionization of the original neutral charge state [9] . Since this defect is intrinsic in the material and present in different polytypes, as well in different doped SiC, we observed a large quantity of defects at the single level of about 8 ×10 6 cm −2 . As-grown defects yielding single photon emission are observed the density of which scales with irradiation fluence and annealing temperature, clearly indicating that the defects can be successfully engineered.
The brightness of this single photon source (up to 2 × 10 6 counts/s) is higher than the brightest colour centres observed in bulk diamond. An estimated quantum efficiency of ∼ 70% indicates that by their incorporation in nanowires and/or nanoparticles an enhancement of a factor of 10 of the single photon emission can be expected, bringing the single photon emission fully into the GHz regime. Work is in progress to determine its spin state and its optical detection.
